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Abstract. Bacterial endophytes selected for their capability to suppress diverse fungal
pathogens in vitro and in greenhouse studies have been shown to promote plant
growth. The effect of volatile compounds emitted by selected bacteria on plant growth
in Arabidopsis thaliana, tomato (Solanum lycopersicum), sweet pepper (Capsicum annuum), and cucumbers (Cucumis sativus) was evaluated on container-grown plants
nested above bacterial cultures, with roots exposed to the volatiles without direct contact between bacterial cells and the plant roots. Signiﬁcant increases in plant growth
were observed in plant height, root length, leaf size, fresh weight, and chlorophyll
content in all plants tested. Although diverse chemical compounds may be involved in
promoting plant growth, including volatile and nonvolatile compounds, observations
in this study have implications for the potential role of the selected bacteria in plant
production as biofertilizers and biopesticides.

Plants interact with diverse microorganisms in their natural surroundings, with some
organisms colonizing plant internal tissues as
endophytes without causing any harm to their
host (Joshua and Mmbaga, 2020; Khan et al.,
2016; Li et al., 2016; Petrini, 1991). Endophytes are ubiquitous and they function in a
variety of ways, including plant growth promotion and protection against pathogens
(Joshua and Mmbaga, 2020). Some of the
possible mechanisms of action are the production of growth-promoting hormones; cell
wall-degrading enzymes for plant protection
against pathogens; production of antibiotics, 1aminocyclopropane-1-carboxylate deaminase,
and siderophores for nutrient acquisition; and
volatile compounds that may function in various ways (D’Alessandro et al., 2014; Khan
et al., 2016; Li et al., 2016, 2017; Loaces et al.,
2011). Several bacterial endophytes have been
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isolated and identiﬁed in our earlier studies
(Joshua and Mmbaga, 2020; Mmbaga et al.,
2008). In our previous studies, endophytes isolated from ﬂowering dogwood, papaya, and
common beans were shown to exhibit biocontrol activities against fungal diseases such as
powdery mildew of ﬂowering dogwood
(Mmbaga et al., 2008, 2016; Rotich, 2015; Rotich et al., 2019), phytophthora blight of pepper
(Bhusal and Mmbaga, 2020; Irabor and
Mmbaga, 2017; Mmbaga et al., 2018a), and
macrophomina root rot (Joshua, 2017; Joshua
and Mmbaga, 2020; Mmbaga et al., 2018b). In
addition, the selected bacterial isolates applied
to plants using root drenching, foliage sprays,
and seed treatment displayed plant growth-promoting abilities.
Previous studies have reported that endophytic microorganisms often release small
and low-molecular weight volatile organic
compounds (VOCs) that diffuse freely in
aboveground and belowground environments
(Schulz-Bohm et al., 2017; Vespermann
et al., 2007). To date, VOCs produced by
Bacillus, Pseudomonas, Enterobacter, and
Streptomyces have been reported to stimulate
plant growth and induce resistance against
phytopathogens (Asari et al., 2016; Cordovez
et al., 2015, 2018; D’Alessandro et al., 2014;
Park et al., 2015; Ryu et al., 2003; Tahir
et al., 2017a, 2017b). Some studies have reported the ability of endophytic microbial
VOCs to activate induced systemic resistance
(Cordovez et al., 2015, 2018; Han et al.,

2006; Park et al., 2015; Ryu et al., 2004;
Syed-Ab-Rahman et al., 2019; Vespermann
et al., 2007), and induced plant growth and
salt tolerance (Fan et al., 2020; Li et al.,
2017).
The phenomenon of plant growth promotion by microbial volatiles was ﬁrst demonstrated in Arabidopsis thaliana by Ryu et al.
(2003, 2004). Root-associated bacterial genera
including Azospirillum, Arthrobacter, Azotobacter, Bacillus, Burkholderia, Erwinia, Enterobacter, Klebsiella, Paenibacillus, Pantoea,
Pseudomonas, Serratia, and Xanthomonas are
among the main rhizobacteria investigated for
promotion of plant growth, and some of these
have already been deployed as biofertilizers
(Fan et al., 2020; Li et al., 2017). Volatile compounds such as 2-pentylfuran, indole, hexanol,
and pentadecane were shown to enhance
growth of A. thaliana (Blom et al., 2011a; Zou
et al., 2010). Park et al. (2015) identiﬁed 13tetradecadien-1-ol, 2-butanone, and 2-methyln-1-tridecene, emitted by Pseudomonas ﬂuorescens SS101, that promoted tobacco plant
growth. Most recently, albuterol and 1, 3-propanediol from B. subtilis SYST2 have been
identiﬁed for their ability to promote plant
growth in tomatoes (Tahir et al., 2017a). Previous studies focused mainly on VOCs derived
from plant growth-promoting rhizobacteria.
The main objectives of our study were to investigate selected bacterial endophytes isolated
from stem and root tissues of diverse plants for
plant growth promotion of Arabidopsis thaliana, tomatoes (Solanum lycopersicum), sweet
peppers (Capsicum annuum), and cucumbers
(Cucumis sativus) exposed to VOCs from selected bacterial endophytes.
Materials and Methods
Bacterial isolates. Eight selected endophytic bacterial isolates used in this study
(Table 1) were isolated previously from
healthy plants. Cultures for long-term storage
were prepared in 25% glycerol stocks and
stored at –80  C; actively growing cultures
were maintained routinely in Luria-Bertani
(LB) agar/broth at 27 ± 2  C. Cultures used
in this study were grown overnight in LB
agar/broth at 27 ± 2  C and their concentration was adjusted to 108 cfu/mL. Mixtures
of bacterial isolates were evaluated to identify
potential synergism between isolates. All
possible combinations of isolates were evaluated (Table 2). The isolates were grown separately and mixed 1:1 (v/v) before inoculation
and tested on sweet pepper only.
Plant material and growth conditions.
To investigate the effect of VOCs produced by the selected bacterial endophytes, two sets of experiments were
conducted in 1) in vitro plate experiments for wild-type Arabidopsis thaliana
‘Columbia-0’ and 2) pot experiments for
tomatoes (S. lycopersicum) ‘Rutgers’,
sweet peppers (C. annuum) ‘California
Wonder’, and cucumbers (C. sativus)
‘Space Saver’ (Table 2).
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Table 1. Bacterial endophytes used to evaluate bacteria-emitted volatile compounds on plant growth
promotion.
Bacterial
endophytes
B17A
B17B
IMC8
A2B1
PS
PSL
Prt
E

Original source
Cornus ﬂorida leaf
C. ﬂorida leaf
C. ﬂorida leaf
C. ﬂorida stem
Carica papaya stem
Carica papaya leaf
Carica papaya root
Phaseolus vulgaris roots

Taxon
Stenotrophomonas sp.
Serratia marcescens
Bacillus thuringiensis
B. thuringiensis
B. vallismortis
B. amyloliquefaciens
B. subtilis
Enterobacter sp.

Reference
Mmbaga et al. (2008)
Mmbaga et al. (2008)
Mmbaga et al. (2008)
Mmbaga et al. (2008)
Joshua and Mmbaga (2020)
Joshua and Mmbaga (2020)
Joshua and Mmbaga (2020)
Joshua and Mmbaga (2020)

Table 2. Evaluation of bacteria endophytes for volatile compounds that promote plant growth in root
and shoot growth in four plant species.
Growth promotion evaluated on different plant speciesy
z

Arabidopsis
Tomato
Sweet Pepper
Cucumber
Bacterial isolates
B17A




B17B




IMC8




PSL




PS




Prt


—

A2B1


—
—
E


—
—
IMC8 1 PS
—
—

—
IMC8 1 PSL
—
—

—
PS 1 PSL
—
—

—
IMC8 1 PS 1 PSL
—
—

—
z
Bacterial isolates tested for growth promotion: B17A, Stenotrophomonas sp.; B17B, Serratia marcescens; IMC8, Bacillus thuringiensis; A2B1, B. thuringiensis; PS, B. vallismortis; PSL, B. amyloliquefaciens; Prt, B. subtilis; and E, Enterobacter sp.
y
Plant species–bacterial isolate combinations tested () or not tested (—) on different plant species.

Effect of bacterial volatiles on A. thaliana
growth. A. thaliana seeds were surface-sterilized with 10% ethanol for 10 min and 10%
sodium hypochlorite for 20 min, and rinsed
subsequently four to ﬁve times with sterile
distilled water. The surface-sterilized seeds
were then placed in petri dishes containing
half-strength Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) (SigmaAldrich, St. Louis, MO) with 1.0% sucrose
and 0.8% Phytagel (Sigma-Aldrich), and
with the pH adjusted to 5.6. The seeds were
vernalized in the dark for 48 h at 4  C and
then transferred to growth chambers (Percival
Scientiﬁc, Perry, IA) maintained at 16h light/8-h dark cycles, at a temperature of 21
± 1  C, and at 50% to 60% relative humidity.
To examine the effect of bacterial VOCs on
A. thaliana plant growth, an arrangement of
three plates was set up as described by Cordovez et al. (2015). Two-day-old A. thaliana
germinated seedlings were transferred to 100mm petri dishes containing 40 mL MS media
prepared as described. A day before the actual experiment, 50 lL of overnight bacterial
cultures (108 cfu/mL) was inoculated onto
MS medium in a 35-mm petri dish and incubated for 24 h at 27 ± 2  C. The two petri
dishes containing A. thaliana and bacterial
culture were then placed inside a large (145mm) petri dish without a lid and were sealed
tightly with paraﬁlm to contain the VOCs
produced by the bacterial isolates, as shown
in Fig. 1. Control treatments consisted of
A. thaliana seedlings exposed to growth
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medium with no bacteria. The three plates
were incubated vertically for 7 d at a 16h light/8-h dark cycle and at 21 ± 1  C. The
experimental design had a replication of four
plates of 10 seedlings each and treatments
were arranged in a randomized complete
block design. To measure the effect of VOCs
on A. thaliana growth, fresh and dry biomass
were measured after cultivation for 7 d. Furthermore, root morphology was assessed
qualitatively using a dissecting microscope.
Effect of bacterial volatiles on tomato,
pepper, and cucumber seedlings. Seeds of tomato, sweet pepper, and cucumber were surface-sterilized with 70% ethanol for 30 s and
10% sodium hypochlorite for 10 min, rinsed
subsequently with sterile distilled water three
to four times for 5 min each, and blotted dry
using heat-sterilized paper towels. Seeds
were then sown in pot experiments according
to Tahir et al. (2017a), with minor modiﬁcations, using heat-sterilized Miracle-GroV potting mix, and maintained in a growth
chamber set at a 12-h light/12-h dark photoperiod, at 28 ± 2  C, and at 70% to 75% relative humidity. At 7 d after sowing, seedlings
of the same size at the two-leaf stage were selected and transplanted into heat-sterilized
Miracle-GroV soil in plastic pots (15-  4.5cm cups) that had 10 small holes (2 mm)
made at the bottom, and were covered with
sterile cheesecloth. Bacterial cultures (24
h old) grown in LB medium in 45-mm petri
dishes were placed at the bottom of 13-  7cm sterile glass MasonV jars, and plastic containers with tomato, pepper, and cucumber
R

R

R

seedlings were ﬁt tightly over the glass jars
and sealed with paraﬁlm to prevent the escape of VOCs. The holes at the bottom of the
pots facilitated diffusion of VOCs produced
by bacterial endophytes through soil onto the
plant root system. Seedling roots exposed to
sterile growth media with no bacteria were
used as the control. The entire plant assembly
was placed in a growth chamber (Percival Scientiﬁc) at a 12-h light/12-h dark photoperiod,
at 28 ± 2  C, and at 70% to 75% relative humidity. Treatments were arranged in a randomized complete block design with four
replicates. Plants were harvested after 30 d and
growth parameters such as shoot and root
length, total fresh biomass, total dry biomass,
and chlorophyll content were measured.
Root analysis. After 30 d of exposure of
root systems to VOCs of different bacterial
endophytes, the roots were washed carefully
and thoroughly under running tap water to remove any traces of soil particles, then the inﬂuence of bacterial endophyte VOCs on the
plant root systems was assessed. Each root
system was untangled carefully and scanned
at a grayscale with a resolution of 800 dots
per inch on an Epson Perfection V850 pro
scanner (Seiko EPSON Corporation, Japan).
Acquired images from arabidopsis and tomato plants were subsequently analyzed using
WinRHIZO pro (version 2008b; Reagents Instruments Inc., Quebec, Canada), and growth
parameters such as root length, shoot length,
root biomass, and total biomass were measured. Growth parameters for pepper and cucumber plants included plant height, root
weight, leaf area, and chlorophyl content.
Statistical analysis. Experimental data
generated in these studies were subjected to
analysis of variance using SAS version 9.4
(SAS Institute, Cary, NC). Speciﬁc differences in treatment means were compared using the least signiﬁcant difference test at P #
0.05. Treatments mean values ± SD are presented. All experiments were repeated to
conﬁrm the results; data from the ﬁrst experiment are presented.
Results
Effect of bacterial volatiles on A. thaliana
plant growth. No detrimental symptoms were
observed on the A. thaliana seedlings after 7
d of cultivation in triplate assays with bacterial isolates. Visual representation of the effect
of bacterial endophyte VOCs on shoots and
roots after 7 d of exposure is presented in
Figs. 1 and 2. The VOCs produced by all tested bacterial endophytes stimulated growth of
both shoots and roots of exposed plants even
without any direct contact between the bacterial isolate and the plants (Figs. 1 and 2). The
A. thaliana plants exposed to VOCs displayed increased biomass compared with
controls, and visual observation was consistent with the measured shoot biomass (Fig.
2). The VOCs from all isolates increased biomass (shoot and root) of the exposed seedlings signiﬁcantly (P < 0.0001) compared
with the control that had no bacteria. Isolates
B17B (Serratia marcescens) and PS (B.
HORTSCIENCE VOL. 56(10) OCTOBER 2021

Fig. 1. Triplate assay to determine the effect of volatile organic compounds produced by bacterial endophytes on Arabidopsis thaliana plant growth. Plants were exposed to (a) control with sterile Murashige medium (MS), (b) B17A (Stenotrophomonas sp.) in MS, (c) B17B (Serratia marcescens) in MS, (d) IMC8 (Bacillus
thuringiensis) in MS, (e) A2B1 (B. thuringiensis) in MS, (f) PS (B. vallismortis) in MS, (g) PSL (B. amyloliquefaciens) in MS, (h) Prt (B. subtilis) in MS, and (i)
E (Enterobacter sp.) in MS.

Fig. 2. Effect of volatile organic compounds produced by bacterial endophytes on the growth of Arabidopsis thaliana (10 seedlings per treatment in each replicate). (A) Visual representation of shoot growth after 7 d of exposure. (B) Fresh shoot biomass (mean ± SD). (C) Dry shoot biomass (mean ± SD). Columns
with the same letters on the bars indicate no signiﬁcant difference according to the least signiﬁcant difference test at P # 0.05. Similar results were obtained
when the experiment was repeated. B17A, Stenotrophomonas sp.; B17B, Serratia marcescens; IMC8, Bacillus thuringiensis; A2B1, B. thuringiensis; PS, B.
vallismortis; PSL, B. amyloliquefaciens; Prt, B. subtilis; E, Enterobacter sp.

HORTSCIENCE VOL. 56(10) OCTOBER 2021
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Fig. 3. Effect of volatile organic compounds produced by bacterial endophytes on Arabidopsis thaliana roots.
(A) Microscopic (6) pictures of roots exposed to (a) sterile Murashige medium (control), (b) B17A (Stenotrophomonas sp.), (c) B17B (Serratia marcescens), (d) IMC8 (Bacillus thuringiensis), (e) A2B1 (B. thuringiensis), (f) PS (B. vallismortis), (g) PSL (B. amyloliquefaciens), (h) Prt (B. subtilis), and (i) E (Enterobacter
sp.). (B) Quantitative measurements of root length, (C) fresh root biomass and (D) dry root biomass.

Fig. 4. Pictorial representation of soil-grown
plants to assess the effect of volatile organic
compounds emitted by bacterial endophytes
on plant growth in tomato seedlings compared
with controls with no bacteria. (a) B17A
(Stenotrophomonas sp.). (b) B17B (Serratia
marcescens). (c) IMC8 (Bacillus thuringiensis). (d) A2B1 (B. thuringiensis). (e) PS (B.
vallismortis). (f) PSL (B. amyloliquefaciens).
(g) Prt (B. subtilis). (h) E (Enterobacter sp.).
Bacterial culture is indicated by an arrow.
The control medium with no bacterium is indicated by a star. Similar results were obtained when the experiment was repeated.

After 30 d of exposure of tomato plants to
VOCs, signiﬁcant differences were observed
in shoot length, and total fresh and dry biomass. The plants exposed to VOCs were taller compared with control plants (Figs. 4 and
5). Results showed that shoot length increased by 82% in plants exposed to VOCs
from isolate E, and a 50% increase in shoot
length in plants exposed to VOC from isolates B17A, A2B1, PS, PSL (Bacillus amyloliquefaciens), and Prt was recorded (Fig. 5).
The detailed effects of VOCs of different
bacterial endophytes on the root system of tomato plants elucidated using WinRHIZOTM
analysis software are presented in Table 3.
These observations indicate that the
holes made at the bottom of plastic pots allowed the exposure of roots to the volatiles
produced by bacterial cultures below the
root system, which affected aboveground
shoots. All isolates increased root length 2fold. In addition, VOC-exposed roots had
signiﬁcant differences in the number of
tips, forks, and crosses compared with roots
of control plants (Table 3). Volatile compounds produced by isolate E showed the
most signiﬁcant and pronounced effect on
the roots, with about a 2.5-fold increase in
both root length and root volume (Table 3),
suggesting that VOCs produced by bacterial endophytes have a remarkable ability to

modify the root system architecture of exposed plants. Furthermore, the overall effect of volatile compounds produced by
endophytes on plant growth showed that
plant height, and total fresh and dry biomass of tomato seedlings exposed to VOCs
were signiﬁcantly greater than the control
treatment with no bacteria (P < 0.0001)
(Fig. 5). Clearly, VOCs produced by bacterial endophytes support growth promotion
in higher plants.
Effect of bacterial volatiles on sweet pepper and cucumber plant growth. After a 30-d
exposure of sweet pepper plants to bacterial
VOCs, the treated plants were consistently
greener (Fig. 6), with signiﬁcantly greater chlorophyll content, shoot weight, and leaf area
than the untreated controls, but plant height
and leaf number were unaffected signiﬁcantly
(Table 4). Using mixed isolates 1:1 (v/v) did
not seem to have an advantage over using individual isolates (Table 4).
Cucumber seedlings exposed to volatile
compounds emitted by the selected bacteria
displayed signiﬁcantly greener plants (Fig. 6),
and chlorophyll content and leaf area were signiﬁcantly greater in all treatments compared
with the untreated controls (Fig. 7b and c).
There were no signiﬁcant differences between
treatments in plant height, and only treatment

vallismortis) produced a 2.3-fold increase in
shoot biomass when compared with control
plants (Fig. 2A and B), with isolates B17A
(Stenotrophomonas sp.), B17B, A2B1 (Bacillus thuringiensis), PS, and Prt (B. subtilis) exhibiting more than a 2-fold increase in root
(fresh and dry) biomass (Fig. 3C and D). Signiﬁcant differences were also observed in primary root length when plants were exposed
to volatiles (Fig. 3B). Along with an increase
in primary root length, more lateral root development was observed in VOC-exposed
plants (Fig. 3A) than in the controls. An exception to this observation was for plants exposed to VOCs of isolate E (Enterobacter
sp.); the primary root length in these plants
was shorter than in the control. However, the
root biomass was greater as a result of lateral
root branching (Figs. 1 and 3A). Our results
on the plant growth-promoting abilities of
VOCs produced by bacterial endophytes
were conﬁrmed in repeated experiments in A.
thaliana. Based on these results, we hypothesized that bacterial volatiles might have a
similar growth-promoting impact on other
higher plants.
Effect of bacterial volatiles on tomato
plant growth. Based on the previous observations of A. thaliana, detailed studies were carried out to test the inﬂuence of VOCs on
tomato, pepper, and cucumber plant growth.
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Fig. 5. Growth of tomato seedlings after 30 d of exposure to volatile compounds produced by bacterial endophytes. Isolates B17A (Stenotrophomonas sp.),
B17B (Serratia marcescens), IMC8 (Bacillus thuringiensis), A2B1 (B. thuringiensis), PS (B. vallismortis), PSL (B. amyloliquefaciens), Prt (B. subtilis),
and E (Enterobacter sp.) were measured according to (A) shoot length, (B) total fresh biomass, and (C) total dry biomass. Similar results were obtained
in two experiments, with four replicates per treatment (mean ± SD). Values with the same letters on the bars indicate no signiﬁcant difference according
to the least signiﬁcant difference test (P # 0.05).

Table 3. Quantitative results of root analysis of tomato plants exposed to volatile compounds emitted by bacterial endophytes measured by using
WinRHIZO software.
Growth parameterz
Root length (cm)
Root volume (cm3)
NTips
NForks
Ncross
Endophyte
0.238 ± 0.08 a–c
228 ± 48 bc
1,402 ± 351 b–d
51 ± 9 cd
B17A
174.85 ± 36.97 by
B17B
228.15 ± 45.44 ab
0.27 ± 0.06 ab
313 ± 58 ab
2,041 ± 594 ab
94 ± 33 ab
IMC8
206.78 ± 31.77 b
0.246 ± 0.07 a–c
251 ± 61 b
1,877 ± 706 a–c
82 ± 14 a–c
A2B1
222.25 ± 25.49 ab
0.23 ± 0.05 b–d
300 ± 23 ab
1,870 ± 324 a–c
98 ± 12 ab
PS
211.08 ± 32.69 b
0.22 ± 0.07 b–d
285 ± 59 ab
1,829 ± 253 a–c
102 ± 12 ab
PSL
272.27 ± 55.21 a
0.3 ± 0.08 ab
297 ± 66 ab
2,052 ± 616 ab
112 ± 43 a
Prt
189.54 ± 9.32 b
0.16 ± 0.04 cd
236 ± 20 b
1,264 ± 281 cd
77 ± 11 bc
E
269.04 ± 56.22 a
0.33 ± 0.09 a
376 ± 14 a
2,166 ± 577 a
108 ± 27 ab
Control
106.93 ± 31.9 c
0.14 ± 0.04 d
136 ± 39 c
858 ± 298 d
28 ± 18 d
z
Data are the mean ± SD of four replicates per treatment.
y
Values with the same letters in each column indicate no signiﬁcant difference according to the least signiﬁcant difference test at P # 0.05 for bacterial
isolates B17A (Stenotrophomonas sp.), B17B (Serratia marcescens), IMC8 (Bacillus thuringiensis), A2B1 (B. thuringiensis), PS (B. vallismortis), PSL
(B. amyloliquefaciens), Prt (B. subtilis), and E (Enterobacter sp.). Similar results were obtained when the experiment was repeated.

with isolate PSL was better than the control in
improving root length (Fig. 7).
Discussion
The bacterial endophytes used in our
study were selected for biological control of
fungal pathogens on diverse plants (Irabor
and Mmbaga, 2017; Joshua and Mmbaga,
2020; Mmbaga et al., 2008, 2016, 2018; Rotich et al., 2019). In addition to disease control, the endophytes exhibited plant growth
promotion. Studies reported in this article
have shown that the selected endophytes
HORTSCIENCE VOL. 56(10) OCTOBER 2021

produce volatile compounds that promoted
plant growth in terms of root and shoot biomass for all four plant species evaluated, and
exhibited a distinct inﬂuence on root architecture and increased the formation of lateral
roots on A. thaliana and tomato plants. These
observations support reports on stimulated
plant growth by VOCs from Bacillus, Pseudomonas, Enterobacter, and Streptomyces
(Asari et al., 2016; Cordovez et al., 2015,
2018; D’Alessandro et al., 2014; Park et al.,
2015; Ryu et al., 2003; Tahir et al., 2017a,
2017b). Previous studies on the selected bacterial isolates have shown their in vitro and

in vivo antagonistic abilities against diverse
pathogens, including P. capsici (Bhusal and
Mmbaga, 2020; Irabor and Mmbaga, 2017),
but the role of VOCs on disease suppression
was not evaluated. Syed-Ab-Rahman et al.
(2019) reported that VOCs produced by soil
bacterial isolates exerted anti-oomycete effects, inhibiting P. capsici in vitro, and promoted both plant growth and root system
development, suggesting a need to evaluate
the role of VOCs in the antagonistic effects
of the selected endophytes.
Most studies on the effect of microbial
volatiles on plant growth have focused on A.
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thaliana, and studies at cellular, molecular,
and metabolic levels have veriﬁed the effect
of VOCs in A. thaliana. However, more

Fig. 6. Growth of sweet pepper seedlings showing greener color after 30 d of exposure to volatile compounds emitted by selected bacterial
isolates compared with untreated controls
(arrows).

studies are needed to elucidate the mode of
action on plant growth of other crop plants—
especially on vegetable, fruit, and forage
crops—to boost the use of microbial products
as a sustainable strategy to reduce the use of
chemical products. Volatiles produced by
microorganisms are known to be low-molecular weight VOCs that diffuse freely in
aboveground and belowground environments
(Schulz-Bohm et al., 2017; Vespermann
et al., 2007). The VOCs are known to act as
stimuli that activate a wide range of signals
that regulate physiological processes and cellular effects on exposed plants (Kai et al.,
2016; Paola and Quiroz, 2018). Some reports
have shown that the VOCs can induce plant

growth by modulation of essential nutrients,
hormonal balance, metabolism, and sugar
concentrations (Schulz-Bohm et al., 2017).
Although the phenomenon of VOCs as
growth inducers is not well understood, reports on exposure of A. thaliana to volatiles
from B. subtilis GB03 revealed activation of
Fe uptake, increased photosynthesis through
Fe assimilation, and increased photosynthetic
capacity and chlorophyll content (Kai et al.,
2016; Paola and Quiroz, 2018; Schulz-Bohm
et al., 2017). Few studies on genetic, proteomic, and metabolic analyses have shown that
VOCs play a role in the regulation of phytohormone levels, metabolic pathways, and nutrition levels. Our observations suggest that

Table 4. Summarized results of plant growth analysis of sweet pepper plants exposed to volatile compounds emitted by bacterial endophytes under growth
chamber conditions.
Growth parameters
Bacterial endophytes
Chlorophyll content
Ht (cm)
Shoot wt (g)
Root wt (g)
No. of leaves
Root length (cm)
Leaf area (cm2)
z
8.06
4.02 a
0.63
10.8
15.00
38.53 a–c
IMC8
39.60 ab
PS
45.66 ab
10.98
4.84 a
2.68
11.8
22.37
53.06 a
PSL
52.32 a
8.66
3.63 ab
1.71
11.6
20.67
37.02 b–d
IMC8 1 PS
40.74 ab
9.75
4.44 a
1.90
11.6
22.67
42.07 ab
IMC8 1 PSL
27.02 bc
10.01
3.45 ab
1.92
9.6
21.76
25.72 cd
PS 1 PSL
42.14 ab
9.60
3.55 ab
0.96
10.8
18.82
35.35 b–d
IMC8 1 PS 1 PSL
33.92 ab
9.74
4.78 ab
2.18
11.6
20.47
39.40 a–c
Control
7.76 c
8.72
2.11 b
2.34
8.60
22.09
22.44 d
z
Values with different letters in each column indicate signiﬁcant differences according to the least signiﬁcant difference test at P # 0.05 for bacterial isolates IMC8 (Bacillus thuringiensis), PS (B. vallismortis), PSL (B. amyloliquefaciens), and water (control). Similar results were obtained when the experiment was repeated.

Fig. 7. Growth of cucumber seedlings after 30 d of exposure to volatile compounds produced by bacterial isolates B17A (Stenotrophomonas sp.), B17B (Serratia marcescens), IMC8 (Bacillus thuringiensis), Prt (B. subtilis), PS (B. vallismortis), and PSL (B. amyloliquefaciens) compared with the untreated control (UTC) measured according to (a) root length, (b) leaf area, (c) chlorophyll content, and (d) plant height, which had no signiﬁcant differences.
Similar results were obtained in two experiments, with four replicates per treatment (mean ± SD). Values with the same letters on the bars indicate no signiﬁcant difference according to the least signiﬁcant difference test (P > 0.05).
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the VOCs may have inﬂuenced the regulation
of metabolic pathways at phytohormone and
nutritional levels, and increased photosynthesis and possibly Fe assimilation, causing the
increase in plant greenness and chlorophyll
content (Table 4, Fig. 6). Although more
studies are needed ﬁrst to identify the VOCs
emitted by the selected biological control
agents (BCAs), our study results have shown
that the selected bacterial endophytes produce
volatile compounds that promote growth in
A. thaliana and tomato, sweet pepper, and cucumber plants.
The effect of bacterial volatiles was studied on plants without any direct contact between the plants and the bacterial cells using
a triplate arrangement for A. thaliana, and
was conﬁrmed in tomato, pepper, and cucumber plants anchored above the bacterial endophytes, exposing the seedlings roots to
VOCs, with no direct contact between bacterial cells and the plants. The production of
VOCs largely depends on growth medium
composition; the MS growth media used our
A. thaliana study was adopted from previous
studies by Ryu et al. (2003, 2004) and Zou
et al. (2010). Other studies have used different growth media, including tryptic soy agar,
potato dextrose agar, King’s B agar, water
agar, yeast peptone dextrose agar, malt extract agar, complete medium agar, and minimal medium agar (Asari et al., 2016; Blom
et al., 2011b; Vespermann et al., 2007). Results from our study displayed a more than 2fold increase in biomass in plants exposed to
Stenotrophomonas (B17A) and Serratia
(B17B) isolates (Fig. 2). These results contrast with those of Vespermann et al. (2007)
who reported more than 80% growth inhibition in A. thaliana plants exposed to VOCs
from Pseudomonas, Stenotrophomonas, and
Serratia species. Differences in the effect of
VOCs on plant growth reported in our study
compared with results of Vespermann et al.
(2007) may have been inﬂuenced by the
growth media used. Notwithstanding this, our
results show that VOCs emitted by the selected bacterial endophytes had a distinct inﬂuence on root architecture, and increased the
formation of lateral roots in A. thaliana and
tomato plants exposed to VOCs (Table 3,
Fig. 3).
The soil-grown seedling plants showed a
signiﬁcant increase in biomass after 30 d of
exposure to VOCs with all tested bacterial
endophytes, with the most prominent effect
being from isolates PSL and E on both shoot
and root growth in tomato plants. These results are consistent with reports from Tahir
et al. (2017a, 2017b), who reported signiﬁcant increases in growth of both tomato and
tobacco plants when roots were exposed to
volatiles produced by the B. subtilis SYST2
isolate. However, in our study, the VOC effects on pepper plant height and leaf number
were insigniﬁcant (Table 4), which suggests
that plant species speciﬁcity is possible and
requires additional examination. Cordovez
et al. (2018) reported that plant growth promotion can be tissue speciﬁc. Their study
showed that exposure of roots to volatiles
HORTSCIENCE VOL. 56(10) OCTOBER 2021

from eight strains of Microbacterium sp. induced signiﬁcant increases in shoot and root
biomass in A. thaliana, but differed in their
effects on root architecture. Similarly, Microbacterium volatiles led to an enhanced root
and shoot biomass of lettuce and tomato, and
biomass increases for plants exposed only
brieﬂy to volatiles from strain EC8 before
transplantation of the seedlings to soil. However, shoot exposure resulted in no or less
growth promotion.
The consistently greener sweet pepper and
cucumber plants exposed to VOCs compared
with the untreated control (Figs. 6 and 7) may
have resulted from the potential role of VOCs
in regulating phytohormone levels, metabolic
pathways, and nutrition levels, with increased
photosynthesis and possibly Fe assimilation. A
genome-wide transcriptome analysis of A.
thaliana seedlings exposed to volatiles emitted
by Microbacterium strains showed upregulation of genes involved in assimilation and
transport of sulfate and nitrate (Cordovez et al.,
2018). This indicates that growth promotion
was most likely via modulation of sulfur and
nitrogen metabolism. Although the bacterial
treatments for tomato and pepper assays differed slightly, and the growth parameters measured in different plant species were slightly
different (Tables 1 and 2), the plant growth
promotion displayed in all four plant species
tested showed that the selected bacterial endophytes generated volatile compounds that enhanced different parameters of plant growth.
Notwithstanding that mixed BCAs were evaluated on pepper only, results showed that using
mixed isolates 1:1 (v/v) did not have an advantage over using individual isolates (Table 4).
These observations show a need for additional
studies to understand more fully BCA–host
plant interactions.
Conclusion
In conclusion, our ﬁndings demonstrate
that selected bacterial endophytes produced
volatile compounds that played a signiﬁcant
role in plant growth promotion. Our results
also show that VOCs can alter the morphology of above- and belowground parts of the
plant. Further analyses of the mechanism of
growth promotion and identiﬁcation of VOCs
are required.
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